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p ¼ 7 TeV
S. Chatrchyan et al.*
(CMS Collaboration)
(Received 9 February 2012; published 13 March 2012)
A search for a Higgs boson in the four-lepton decay channel H ! ZZ, with each Z boson decaying to
an electron or muon pair, is reported. The search covers Higgs boson mass hypotheses in the range of
110<mH < 600 GeV. The analysis uses data corresponding to an integrated luminosity of 4:7 fb
1
recorded by the CMS detector in pp collisions at
ffiffi
s
p ¼ 7 TeV from the LHC. Seventy-two events are
observed with four-lepton invariant mass m4‘ > 100 GeV (with 13 below 160 GeV), while 67:1 6:0
(9:5 1:3) events are expected from background. The four-lepton mass distribution is consistent with the
expectation of standard model background production of ZZ pairs. Upper limits at 95% confidence level
exclude the standard model Higgs boson in the ranges of 134–158 GeV, 180–305 GeV, and 340–465 GeV.
Small excesses of events are observed around masses of 119, 126, and 320 GeV, making the observed
limits weaker than expected in the absence of a signal.
DOI: 10.1103/PhysRevLett.108.111804 PACS numbers: 14.80.Bn, 12.15.Ji, 13.38.Dg, 13.85.Qk
The standard model (SM) of electroweak interactions
[1–3] relies on a scalar particle, the Higgs boson, associ-
ated with the field responsible for the spontaneous electro-
weak symmetry breaking [4–9]. The existence of the Higgs
boson has yet to be established experimentally, while its
mass,mH, is not fixed by the theory. Direct searches for the
SMHiggs boson at the LEP eþe collider and the Tevatron
p p collider have led, respectively, to a lower mass bound
of mH > 114:4 GeV [10], and to an exclusion in the range
of 162–166 GeV [11], at 95% C.L. Indirect constraints
from precision measurements favor the mass range of
mH < 158 GeV [12,13] at 95% C.L. The inclusive Higgs
boson production followed by the decay H ! ZZ is ex-
pected to be one of the main discovery channels at the
CERN proton-proton (pp) Large Hadron Collider (LHC)
for a wide range of mH values. Using the H ! ZZ and the
H ! WW decay channels, the ATLAS collaboration has
excluded at 95% C.L. the mass ranges of 145–206 GeV,
214–224 GeV, and 340–450 GeV [14–16].
In this Letter, an inclusive search in the four-lepton
decay channel, H ! ZZ ! ‘þ‘‘0þ‘0 with ‘, ‘0 ¼ e or
, abbreviated as H ! 4‘, is presented. The analysis is
designed for a Higgs boson in the mass range of 110<
mH < 600 GeV. It uses pp data from the LHC collected atffiffi
s
p ¼ 7 TeV by the Compact Muon Solenoid (CMS) ex-
periment during 2010 and 2011. The data correspond to an
integrated luminosity of 4:7 fb1. The search relies solely
on the measurement of leptons, and the analysis achieves
high lepton reconstruction, identification, and isolation
efficiencies for a ZZ ! 4‘ system composed of two pairs
of same-flavor and opposite-charge isolated leptons, eþe
or þ, in the measurement range of m4‘ > 100 GeV.
One or both of the Z bosons can be off-shell. The back-
ground sources include an irreducible four-lepton contri-
bution from direct ZZ (or Z) production via q q
annihilation and gg fusion. Reducible contributions arise
from Zb b and tt where the final states contain two isolated
leptons and two b jets producing secondary leptons.
Additional background of instrumental nature arises from
Zþ jets events where jets are misidentified as leptons.
Particles produced in the pp collisions are detected
in the pseudorapidity range of jj< 5, where  ¼
 ln tanð=2Þ and  is the polar angle with respect to the
direction of the proton beam. The CMS detector comprises
a superconducting solenoid, providing a uniform magnetic
field of 3.8 T in the bore, equipped with silicon pixel and
strip tracking systems (jj< 2:5) surrounded by a lead
tungstate crystal electromagnetic calorimeter (ECAL)
and a brass-scintillator hadronic calorimeter (HCAL)
(jj< 3:0). A steel and quartz-fiber Cherenkov calorime-
ter extends the coverage (jj< 5). The steel return yoke
outside the solenoid is instrumented with gas detectors
used to identify muons (jj< 2:4). A detailed description
of the detector is given in Ref. [17].
Monte Carlo (MC) samples for the SM Higgs boson
signal and for background processes are used to optimize
the event selection and to evaluate the acceptance and
systematic uncertainties. The Higgs boson signals from
gluon-fusion (gg ! H), and vector-boson fusion
(qq ! qqH), are generated with POWHEG [18] at next-to-
leading order (NLO) and a dedicated generator from
Ref. [19]. Additional samples of,WH, ZH, and ttH events
are generated with PYTHIA [20]. Events at generator level
*Full author list given at the end of the article.
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are reweighted according to the total cross section
ðpp ! HÞ, which contains contributions from gluon
fusion up to next-to-next-to-leading order (NNLO) and
next-to-next-to-leading log taken from Refs. [21–32] and
from the weak-boson fusion contribution computed at
NNLO in Refs. [24,33–37]. The total cross section is
scaled by the branching fraction BðH ! 4‘Þ calculated
with PROPHECY4F which includes NLO QCD and electro-
weak corrections and all interference effects at NLO
[24,38–41], in particular, effects specific to the 4e and
4 channels. The SM background contribution from ZZ
production via q q is generated at NLOwith POWHEG, while
other diboson processes (WW, WZ) are generated with
PYTHIA with cross sections rescaled to NLO predictions.
The gg ! ZZ contribution is generated with GG2ZZ [42].
The Zb b, Zc c, Z, and Zþ light jets samples are gener-
ated with MADGRAPH [43] with cross sections rescaled to
NNLO prediction for inclusive Z production. The tt events
are generated at NLO with POWHEG. The generation takes
into account the internal initial state and final state radia-
tion effects which can lead to the presence of additional
hard photons in an event. For leading-order generators, the
default set of parton distribution functions (PDF) used to
produce these samples is CTEQ6L [44], while CT10 [45] is
used for NLO generators. All generated samples are inter-
faced with PYTHIA. All events are processed through a
detailed simulation of the CMS detector based on
GEANT4 [46] and are reconstructed with the same algo-
rithms that are used for data.
Collision events are selected by the trigger system that
requires the presence of a pair of electrons (a pair of
muons) with transverse energy (transverse momenta) for
the first and second lepton above 17 and 8 GeV, respec-
tively. The trigger efficiency within the acceptance of this
analysis is greater than 99% for signal in the 4e and 4
channels, and rises from about 97.5% atmH ¼ 120 GeV to
above 99% at mH > 140 GeV in the 2e2 channel, within
the acceptance of this analysis.
Electrons are reconstructed within the geometrical ac-
ceptance, jej< 2:5, and with peT > 7 GeV, by combining
information from the ECAL and inner tracker [47,48].
Electron identification selection requirements rely on elec-
tromagnetic shower-shape observables and on observables
combining tracker and calorimetry information. The selec-
tion criteria depend on peT , jej, and on a categorization
according to observables sensitive to the amount of brems-
strahlung emitted along the trajectory in the inner tracker.
Muons are reconstructed [49] within jj< 2:4 and pT >
5 GeV, using information from both the inner tracker and
the muon spectrometer. The inner track is required to be
composed of more than 10 tracker-layer hits [17] to ensure
a precise measurement of the momentum. The efficiencies
are measured in data, using a tag-and-probe technique [50]
based on an inclusive sample of Z events. The measure-
ments are performed in several ranges in p‘T and jj. The
product of reconstruction and identification efficiencies
for electrons in the ECAL barrel (endcaps) varies from
about 68% (62%) for 7<peT < 10 GeV to 82% (74%) at
peT ’ 10 GeV, and reaches 90% (89%) for peT ’ 20.
It drops to about 85% in the transition region, 1:44< jj<
1:57, between the ECAL barrel and endcaps. The muons
are reconstructed and identified with efficiencies above
98%. Lepton candidates are defined with a loose
constraint on their isolation, by requiring the sum of
the transverse momenta of tracks i within a cone around
the lepton ‘ of R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð‘  iÞ2 þ ð‘ iÞ2
q
< 0:3,







0:7. The lepton isolation efficiency for identified leptons
with this very loose definition of isolation is found to be
greater than 99%.
We first require a Z candidate formed with a pair of
lepton candidates satisfying 50<m1;2 < 120 GeV, p
‘1
T >
20 GeV, and p‘2T > 10 GeV. The pT thresholds ensure that
the leptons are on the high-efficiency plateau for the trig-
ger. The lepton pair is required to be well isolated using a
combination of the tracker, ECAL, and HCAL informa-
tion. The sum of the combined relative isolation Riso for the
two leptons is required to satisfy R‘1iso þ R‘2iso < 0:35, where











T;HCALÞ, with sums running over the charged tracks i,
and the ET from energy deposits in cells j and k of the
ECAL and HCAL within a cone of radius R< 0:3,
respectively. The footprint of the lepton object (a measured
track for muons, or a combination of a track and a cluster of
ECAL energy deposits for electrons) is removed from the
isolation sum. The combined isolation efficiencies mea-
sured with data using the tag-and-probe technique are
found to be >99% for muons and between 94% and 99%
for electrons. The isolation is made largely insensitive to
the number of overlapping pp interactions by correcting
for the average energy flow [51] per unit area measured as a
function of the number of primary vertices. The ratio of the
efficiencies measured with data and with simulated
Z ! ‘‘ events is found to be consistent with unity. The
significance of the signed impact parameter (SIP) of each
lepton relative to the event vertex, SIP3D ¼ IPIP , where IP is
the impact parameter in three dimensions and IP the
associated uncertainty, is required to satisfy jSIP3Dj< 4.
The ‘þ‘ pair with reconstructed mass closest to the
nominal Z boson mass is retained and denoted Z1. The
Z1 þ X data set thus defined is used below to estimate
the ZZ rates. In the next step, a subset of events is identified
with at least a third lepton candidate. The Z1 þ ‘ events are
used to measure misidentified lepton rates. A subset of
events with at least a fourth lepton candidate of any flavor
or charge is then identified. Together, the Z1 þ ‘ and Z1 þ
‘‘0 samples are used below to estimate the remaining
reducible (Zb b, tt) and instrumental (Zþ light jets) back-
grounds. For the signal, we select a second lepton pair,




denoted Z2, from the remaining same-flavor ‘
þ‘ combi-
nations, by requiring mZ2 > 12 GeV, with the restriction
m4‘ > 100 GeV. For the 4e and 4 final states, at least
three of the four combinations of opposite-sign pairs must
satisfy m‘‘ > 12 GeV. If more than one Z2 candidate
satisfies all criteria, the ambiguity is resolved by choosing
the leptons of highest pT . The isolation and impact pa-
rameter are used to further suppress the remaining back-
grounds. We require for any combination of two leptons i
and j, irrespective of flavor or charge, that Riiso þ Rjiso <
0:35 and also impose jSIP3Dj< 4 for each of the four
leptons.
Finally, to select the four-lepton signal candidates, we




120 GeV and mminZ2 <mZ2 <120GeV, with ðmminZ1 ; mminZ2 Þ ¼
ð50; 12Þ GeV defining the baseline selection and
ðmminZ1 ; mminZ2 Þ ¼ ð60; 60Þ GeV defining the high-mass selec-
tion. The baseline selection is used to search for the Higgs
boson, and the high-mass selection is used to measure the
ZZ cross section.
The event yields are found to be in good agreement with
the MC background expectation at each step of event
selection. The ZZ and Zþ X backgrounds dominate after
the full event selection. The overall signal detection
efficiency for the 4e (4, 2e2) channel is evaluated by
MC simulation and increases from  21% (59%, 35%) at
mH ¼ 120 GeV to 35% (71%, 50%) atmH ¼ 140 GeV,
reaching a plateau at  51% (81%, 63%) at mH ¼
200 GeV, and then slowly rising to  60% (83%, 72%)
at mH ¼ 350 GeV. The relative mass resolution estimated
fromMC signal samples is about 2.1% (1.1%, 1.6%) for 4e
(4, 2e2).
The small number of observed events precludes a pre-
cise direct evaluation of background by extrapolating from
mass sidebands. Instead, we rely on MC calculations to
evaluate the number of events expected from the ZZ back-
ground. The cross section for ZZ production at NLO,
through the dominant process of q q annihilation and
through gg fusion, is calculated with MCFM [52–54]. The
theoretical uncertainties are computed as a function ofm4‘,
varying both the QCD renormalization and factorization
scales and the PDF set following the PDF4LHC recom-
mendations [55–59]. The uncertainties for the QCD and
PDF scales for each final state are on average 8%. The
number of predicted ZZ ! 4‘ events and their uncertain-
ties after the baseline selection are given in Table I. As a
consistency check, an evaluation is made based on a nor-
malization to the measured inclusive single-Z production,
a procedure discussed in Refs. [60,61]. The measured rate
of single Z bosons defined in this analysis is used to predict
the total ZZ rate; making use of the ratio of the theoretical
cross sections for ZZ and Z production, and the ratio of the
reconstruction and selection efficiencies for the four-lepton
and two-lepton final states. The results are in agreement
with the ZZ rates reported in Table I within uncertainties.
To estimate the reducible (Zb b, tt) and instrumental
(Zþ light jets) backgrounds, a region well separated
from the signal region is defined by relaxing and inverting
some selection criteria and verifying that the event rates
change according to MC expectation. The event rates
measured in the background control region are then
extrapolated to the signal region. The control region for
Zþ X, where X stands for b b, c c, gluon or light quark jets,
is obtained by relaxing the isolation and identification
criteria for two additional reconstructed lepton objects
indicated as ‘reco‘reco. The additional pair of leptons must
have like sign charge (to avoid signal contamination) and
same flavor (ee,), a reconstructed invariant mass
mZ2 either satisfying the baseline selection or the high-
mass selection, and m4‘ > 100 GeV. A sample Z1 þ ‘reco,
with at least one reconstructed lepton object, is also defined
for the measurement of the lepton misidentification proba-
bility, the probability for a reconstructed object to pass the
isolation and identification requirements. The contamina-
tion from WZ in this set of events is suppressed by requir-
ing the imbalance of the measured energy deposition in
the transverse plane to be below 25 GeV. From the
Zþ ‘reco‘reco sample the expected number of Zþ X back-
ground events in the signal region is obtained by taking
into account the lepton misidentification probability for
each of the two additional leptons. The number of back-
ground events expected in the signal region, normalized to
the integrated luminosity, and the associated systematic
uncertainties, are given in Table I for the baseline selection
in the range of 100<m4‘ < 600 GeV. The reducible
and instrumental background is found to be dominated
by Zþ light jets. A small residual contamination of Zb b
remains at low mass while for the high-mass selection
these reducible backgrounds are an order of magnitude
smaller and therefore can be neglected. This was verified
by performing a measurement of Zb b and tt rates in a
dedicated four-lepton background control region, defined
by requiring a Z1 and two additional leptons satisfying an
inverted SIP3D requirement, namely jSIP3Dj> 5, and with
relaxed isolation, charge, and flavor requirements. This
ensures a negligible Zþ light jets contribution in the
TABLE I. The number of candidates observed, compared to
background and signal rates for each final state for 100<m4‘ <
600 GeV for the baseline selection. For the Zþ X background,
the estimations are based on data.
Channel 4e 4 2e2
ZZ background 12:27 1:16 19:11 1:75 30:25 2:78
Zþ X 1:67 0:55 1:13 0:55 2:71 0:96
All background 13:94 1:28 20:24 1:83 32:96 2:94
mH ¼ 120 GeV 0.25 0.62 0.68
mH ¼ 140 GeV 1.32 2.48 3.37
mH ¼ 350 GeV 1.95 2.61 4.64
Observed 12 23 37




four-lepton background control region, while the signal
and the ZZ background are absent. To extract background
rates, the reconstructed Z1 mass for the sum of the Z1 þ 2e,
Z1 þ 2, and Z1 þ e final states is fit with a Breit-
Wigner function convoluted with a Crystal Ball function
[62] for the Z1 peak from Zb b and Chebychev polynomials
for the description of the tt continuum. The extrapolation
to the signal region relies on knowledge of, and the distinct
features of, the SIP3D distributions for the Z2 leptons of the
tt and Zb b backgrounds. The result is found to be compat-
ible with the MC expectation in the signal region within the
systematic uncertainty of 20%.
Systematic uncertainties are evaluated from data for
trigger (1.5%), lepton reconstruction and identification
(2%–3%), and isolation efficiencies (2%). Systematic
uncertainties on energy-momentum calibration (0.5%),
and energy resolution are accounted for by their effects
on the reconstructed mass distributions. The effect of the
energy resolution uncertainties is taken into account by
introducing a 30% uncertainty on the width of the signal
mass peak. Additional systematic uncertainties arise from
limited statistics in the reducible background control re-
gions. All reducible and instrumental background sources
are derived from control regions, and the comparison of
data with the background expectation in the signal region is
independent of the uncertainty on the LHC integrated
luminosity of the data sample. This uncertainty (4.5%)
[63] enters the evaluation of the ZZ background and in
the calculation of the cross section limit through the nor-
malization of the signal. Systematic uncertainties on the
Higgs boson cross section (17%–20%) and branching
fraction (2%) are taken from Ref. [24].
Recent studies [24,64,65] show that current Monte Carlo
simulations do not describe the expected Higgs boson mass
line shape above  300 GeV. These effects are estimated
to amount to an additional uncertainty on the theoretical
cross section, and hence on the limits, of about 4% at
mH ¼ 300 GeV and 10%–30% for mH of 400–600 GeV.
The number of candidates observed, as well as the
estimated background in the signal region, are reported
in Table I for the baseline selection. The reconstructed
four-lepton invariant mass distribution for the combined
4e, 4, and 2e2 channels with the baseline selection is
shown in Fig. 1(a) and compared to expectations from the
backgrounds. The shape of the mass distribution below
mH ¼ 180 GeV reflects the shape of the dominant q q
annihilation process [66]. The low-mass range is shown
in Fig. 1(b) together with the mass of each candidate and its
uncertainty. The reducible and instrumental background
rates are small. These rates have been obtained from data
and the corresponding m4‘ distributions are obtained from
MC samples.
The measured distribution is compatible with the expec-
tation from SM direct production of ZZ pairs. We observe
72 candidates, 12 in 4e, 23 in 4, and 37 in 2e2, while
67:1 6:0 events are expected from standard model back-
ground processes. No hard photon (pT > 5 GeV) was
found, outside the isolation veto cone that surrounds each
lepton, that could be unambiguously identified as final
state radiation. Thirteen candidates are observed within
100<m4‘ < 160 GeV while 9:5 1:3 background events
are expected. We observe 53 candidates for the high-mass
selection compared to an expectation of 51:3 4:6 events
from background. This high-mass event selection is used to
provide a measurement of the total cross section ðpp !
ZZþ XÞ  BðZZ ! 4‘Þ ¼ 28:1þ4:64:0ðstat:Þ  1:2ðsyst:Þ 
1:3ðlumi:Þ fb. The measurement agrees with the SM pre-
diction at NLO [52] of 27:9 1:9 fb and is consistent with
previous measurements at the LHC [67]. The local
p-values, representing the significance of local excesses
relative to the background expectation, are shown as a
FIG. 1 (color online). (a) Distribution of the four-lepton re-
constructed mass for the sum of the 4e, 4, and 2e2 channels.
(b) Expansion of the low-mass range with existing exclusion
limits at 95% C.L.; also shown are the central values and
individual candidate mass measurement uncertainties. Points
represent the data, shaded histograms represent the background,
and the unshaded histogram the signal expectations.




function of mH in Fig. 2(a), obtained either taking into
account or not the individual candidate mass measurement
uncertainties, for the combination of the three channels.
Excesses are observed for masses near 119 GeV and
320 GeV. The small  2 excess near 320 GeV includes
three events with p4‘T > 50 GeV. The most significant
excess near 119 GeV corresponds to about 2:5 signifi-
cance. The significance is less than 1:0 (about 1:6)
when the look-elsewhere effect [68] is accounted for over
the full mass range (for the low-mass range 100<m4‘ <
160 GeV). The local significances change only slightly
when including candidate mass uncertainties, instead of
using the average mass resolution, e.g., rising to 2:7
around 119 GeV and reaching 1:5 around 126 GeV.
In absence of a significant clustering of candidates at any
given mass, we derive exclusion limits. The exclusion
limits for a SM-like Higgs boson are computed for a large
number of mass points in the range of 110–600 GeV, using
the predicted signal and background mass distribution
shapes. The choice of the step size in the scan between
Higgs mass hypotheses is driven by either detector resolu-
tion, or the natural width of the Higgs boson. The signal
mass distributions shapes are determined using simulated
samples for 27 values of mH covering the full mass range.
The shapes are fit using a function obtained from a con-
volution of a Breit-Wigner probability density function to
describe the theoretical resonance line shape and a Crystal
Ball function to account for the detector effects. The
parameters of the Crystal Ball function are interpolated
for the mH points where there is no simulated sample
available. The shapes of the background mass distributions
are determined by fits to the simulated sample of events,
while the normalization is taken from estimates of overall
event yields as described above. For each mass hypothesis,
we perform an unbinned likelihood fit using the statistical
approach discussed in Ref. [69]. We account for systematic
uncertainties in the form of nuisance parameters with a
log-normal probability density function. The observed and
median expected upper limits on ðpp ! H þ XÞ 
BðH ! 4‘Þ at 95% C.L. are shown in Fig. 2(b). The limits
are calculated relative to their expected SM Higgs boson
prediction SM, using the modified frequentist method
CLs [70,71]. The bands represent the 1 and 2 probabil-
ity intervals around the expected limit. These upper limits
exclude the standard model Higgs boson at 95% C.L. in
the mH ranges of 134–158 GeV, 180–305 GeV, and
340–465 GeV. The limits reflect the dependence of the
branching ratio BðH ! ZZÞ on mH. The worsening of
the limits at high mass arises from the decreasing cross
section for the H ! 4‘ signal. By virtue of the excellent
mass resolution and low background, the structure in the
measured limits follows the fluctuations of the number of
observed events.
In summary, a search for the standard model Higgs
boson has been presented in the four-lepton decay modes.
Upper limits at 95% confidence level exclude the Higgs
boson mass ranges of 134–158 GeV, 180–305 GeV, and
340–465 GeV. A major fraction of the explored mass range
is thus excluded at 95% C.L. and the exclusion limits
extend beyond the sensitivity of previous collider experi-
ments. Excesses of events are observed at the low end of
the explored mass range, around masses of 119 and
126 GeV, and at high mass around 320 GeV. These ex-
cesses, although not statistically significant, make the ob-
served limits weaker than expected in the absence of a
signal. At low mass, only the region 114:4<mH <
134 GeV remains consistent with the expectation for the
standard model Higgs boson production.
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FIG. 2 (color online). (a) The significance of the local excesses
with respect to the standard model expectation as a function
of the Higgs boson mass, without (blue) or with (red) individual
candidate mass measurement uncertainties. (b) The observed
and the median expected upper limits at 95% C.L. on  ¼
ðpp ! H þ XÞ BðH ! 4‘Þ, relative to their standard model
prediction SM, for a Higgs boson in the mass range of
110–600 GeV, using the CLs approach. The insets expand the
low-mass range.
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F. Pauss,101 M. Peruzzi,101 F. J. Ronga,101 M. Rossini,101 L. Sala,101 A.K. Sanchez,101 M.-C. Sawley,101
A. Starodumov,101,kk B. Stieger,101 M. Takahashi,101 L. Tauscher,101,a A. Thea,101 K. Theofilatos,101 D. Treille,101
C. Urscheler,101 R. Wallny,101 H. A. Weber,101 L. Wehrli,101 J. Weng,101 E. Aguilo,102 C. Amsler,102 V. Chiochia,102
S. De Visscher,102 C. Favaro,102 M. Ivova Rikova,102 B. Millan Mejias,102 P. Otiougova,102 P. Robmann,102
H. Snoek,102 M. Verzetti,102 Y.H. Chang,103 K.H. Chen,103 C.M. Kuo,103 S.W. Li,103 W. Lin,103 Z. K. Liu,103
Y. J. Lu,103 D. Mekterovic,103 R. Volpe,103 S. S. Yu,103 P. Bartalini,104 P. Chang,104 Y.H. Chang,104 Y.W. Chang,104
Y. Chao,104 K. F. Chen,104 C. Dietz,104 U. Grundler,104 W.-S. Hou,104 Y. Hsiung,104 K. Y. Kao,104 Y. J. Lei,104
R.-S. Lu,104 D. Majumder,104 E. Petrakou,104 X. Shi,104 J. G. Shiu,104 Y.M. Tzeng,104 M. Wang,104 A. Adiguzel,105
M.N. Bakirci,105,ll S. Cerci,105,mm C. Dozen,105 I. Dumanoglu,105 E. Eskut,105 S. Girgis,105 G. Gokbulut,105 I. Hos,105
E. E. Kangal,105 G. Karapinar,105 A. Kayis Topaksu,105 G. Onengut,105 K. Ozdemir,105 S. Ozturk,105,nn A. Polatoz,105




K. Sogut,105,oo D. Sunar Cerci,105,mm B. Tali,105,mm H. Topakli,105,ll D. Uzun,105 L. N. Vergili,105 M. Vergili,105
I. V. Akin,106 T. Aliev,106 B. Bilin,106 S. Bilmis,106 M. Deniz,106 H. Gamsizkan,106 A.M. Guler,106 K. Ocalan,106
A. Ozpineci,106 M. Serin,106 R. Sever,106 U. E. Surat,106 M. Yalvac,106 E. Yildirim,106 M. Zeyrek,106
M. Deliomeroglu,107 E. Gülmez,107 B. Isildak,107 M. Kaya,107,pp O. Kaya,107,pp S. Ozkorucuklu,107,qq
N. Sonmez,107,rr L. Levchuk,108 F. Bostock,109 J. J. Brooke,109 E. Clement,109 D. Cussans,109 H. Flacher,109
R. Frazier,109 J. Goldstein,109 M. Grimes,109 G. P. Heath,109 H. F. Heath,109 L. Kreczko,109 S. Metson,109
D.M. Newbold,109,hh K. Nirunpong,109 A. Poll,109 S. Senkin,109 V. J. Smith,109 T. Williams,109 L. Basso,110,ss
K.W. Bell,110 A. Belyaev,110,ss C. Brew,110 R.M. Brown,110 D. J. A. Cockerill,110 J. A. Coughlan,110 K. Harder,110
S. Harper,110 J. Jackson,110 B.W. Kennedy,110 E. Olaiya,110 D. Petyt,110 B. C. Radburn-Smith,110
C. H. Shepherd-Themistocleous,110 I. R. Tomalin,110 W. J. Womersley,110 R. Bainbridge,111 G. Ball,111
R. Beuselinck,111 O. Buchmuller,111 D. Colling,111 N. Cripps,111 M. Cutajar,111 P. Dauncey,111 G. Davies,111
M. Della Negra,111 W. Ferguson,111 J. Fulcher,111 D. Futyan,111 A. Gilbert,111 A. Guneratne Bryer,111 G. Hall,111
Z. Hatherell,111 J. Hays,111 G. Iles,111 M. Jarvis,111 G. Karapostoli,111 L. Lyons,111 A.-M. Magnan,111
J. Marrouche,111 B. Mathias,111 R. Nandi,111 J. Nash,111 A. Nikitenko,111,kk A. Papageorgiou,111 M. Pesaresi,111
K. Petridis,111 M. Pioppi,111,tt D.M. Raymond,111 S. Rogerson,111 N. Rompotis,111 A. Rose,111 M. J. Ryan,111
C. Seez,111 A. Sparrow,111 A. Tapper,111 S. Tourneur,111 M. Vazquez Acosta,111 T. Virdee,111 S. Wakefield,111
N. Wardle,111 D. Wardrope,111 T. Whyntie,111 M. Barrett,112 M. Chadwick,112 J. E. Cole,112 P. R. Hobson,112
A. Khan,112 P. Kyberd,112 D. Leslie,112 W. Martin,112 I. D. Reid,112 P. Symonds,112 L. Teodorescu,112 M. Turner,112
K. Hatakeyama,113 H. Liu,113 T. Scarborough,113 C. Henderson,114 A. Avetisyan,115 T. Bose,115 E. Carrera Jarrin,115
C. Fantasia,115 A. Heister,115 J. St. John,115 P. Lawson,115 D. Lazic,115 J. Rohlf,115 D. Sperka,115 L. Sulak,115
S. Bhattacharya,116 D. Cutts,116 A. Ferapontov,116 U. Heintz,116 S. Jabeen,116 G. Kukartsev,116 G. Landsberg,116
M. Luk,116 M. Narain,116 D. Nguyen,116 M. Segala,116 T. Sinthuprasith,116 T. Speer,116 K.V. Tsang,116
R. Breedon,117 G. Breto,117 M. Calderon De La Barca Sanchez,117 M. Caulfield,117 S. Chauhan,117 M. Chertok,117
J. Conway,117 R. Conway,117 P. T. Cox,117 J. Dolen,117 R. Erbacher,117 M. Gardner,117 R. Houtz,117 W. Ko,117
A. Kopecky,117 R. Lander,117 O. Mall,117 T. Miceli,117 R. Nelson,117 D. Pellett,117 J. Robles,117 B. Rutherford,117
M. Searle,117 J. Smith,117 M. Squires,117 M. Tripathi,117 R. Vasquez Sierra,117 V. Andreev,118 K. Arisaka,118
D. Cline,118 R. Cousins,118 J. Duris,118 S. Erhan,118 P. Everaerts,118 C. Farrell,118 J. Hauser,118 M. Ignatenko,118
C. Jarvis,118 C. Plager,118 G. Rakness,118 P. Schlein,118,a J. Tucker,118 V. Valuev,118 M. Weber,118 J. Babb,119
R. Clare,119 J. Ellison,119 J.W. Gary,119 F. Giordano,119 G. Hanson,119 G.Y. Jeng,119 H. Liu,119 O. R. Long,119
A. Luthra,119 H. Nguyen,119 S. Paramesvaran,119 J. Sturdy,119 S. Sumowidagdo,119 R. Wilken,119 S. Wimpenny,119
W. Andrews,120 J. G. Branson,120 G. B. Cerati,120 S. Cittolin,120 D. Evans,120 F. Golf,120 A. Holzner,120 R. Kelley,120
M. Lebourgeois,120 J. Letts,120 I. Macneill,120 B. Mangano,120 S. Padhi,120 C. Palmer,120 G. Petrucciani,120 H. Pi,120
M. Pieri,120 R. Ranieri,120 M. Sani,120 I. Sfiligoi,120 V. Sharma,120 S. Simon,120 E. Sudano,120 M. Tadel,120 Y. Tu,120
A. Vartak,120 S. Wasserbaech,120,uu F. Würthwein,120 A. Yagil,120 J. Yoo,120 D. Barge,121 R. Bellan,121
C. Campagnari,121 M. D’Alfonso,121 T. Danielson,121 K. Flowers,121 P. Geffert,121 J. Incandela,121 C. Justus,121
P. Kalavase,121 S. A. Koay,121 D. Kovalskyi,121,b V. Krutelyov,121 S. Lowette,121 N. Mccoll,121 V. Pavlunin,121
F. Rebassoo,121 J. Ribnik,121 J. Richman,121 R. Rossin,121 D. Stuart,121 W. To,121 J. R. Vlimant,121 C. West,121
A. Apresyan,122 A. Bornheim,122 J. Bunn,122 Y. Chen,122 E. Di Marco,122 J. Duarte,122 M. Gataullin,122 Y. Ma,122
A. Mott,122 H. B. Newman,122 C. Rogan,122 V. Timciuc,122 P. Traczyk,122 J. Veverka,122 R. Wilkinson,122 Y. Yang,122
R. Y. Zhu,122 B. Akgun,123 R. Carroll,123 T. Ferguson,123 Y. Iiyama,123 D.W. Jang,123 S. Y. Jun,123 Y. F. Liu,123
M. Paulini,123 J. Russ,123 H. Vogel,123 I. Vorobiev,123 J. P. Cumalat,124 M. E. Dinardo,124 B. R. Drell,124
C. J. Edelmaier,124 W. T. Ford,124 A. Gaz,124 B. Heyburn,124 E. Luiggi Lopez,124 U. Nauenberg,124 J. G. Smith,124
K. Stenson,124 K.A. Ulmer,124 S. R. Wagner,124 S. L. Zang,124 L. Agostino,125 J. Alexander,125 A. Chatterjee,125
N. Eggert,125 L. K. Gibbons,125 B. Heltsley,125 W. Hopkins,125 A. Khukhunaishvili,125 B. Kreis,125 N. Mirman,125
G. Nicolas Kaufman,125 J. R. Patterson,125 A. Ryd,125 E. Salvati,125 W. Sun,125 W.D. Teo,125 J. Thom,125
J. Thompson,125 J. Vaughan,125 Y. Weng,125 L. Winstrom,125 P. Wittich,125 A. Biselli,126 D. Winn,126 S. Abdullin,127
M. Albrow,127 J. Anderson,127 G. Apollinari,127 M. Atac,127 J. A. Bakken,127 L. A. T. Bauerdick,127 A. Beretvas,127
J. Berryhill,127 P. C. Bhat,127 I. Bloch,127 K. Burkett,127 J. N. Butler,127 V. Chetluru,127 H.W.K. Cheung,127
F. Chlebana,127 S. Cihangir,127 W. Cooper,127 D. P. Eartly,127 V. D. Elvira,127 S. Esen,127 I. Fisk,127 J. Freeman,127
Y. Gao,127 E. Gottschalk,127 D. Green,127 O. Gutsche,127 J. Hanlon,127 R.M. Harris,127 J. Hirschauer,127
B. Hooberman,127 H. Jensen,127 S. Jindariani,127 M. Johnson,127 U. Joshi,127 B. Klima,127 S. Kunori,127 S. Kwan,127




C. Leonidopoulos,127 D. Lincoln,127 R. Lipton,127 J. Lykken,127 K. Maeshima,127 J.M. Marraffino,127
S. Maruyama,127 D. Mason,127 P. McBride,127 T. Miao,127 K. Mishra,127 S. Mrenna,127 Y. Musienko,127,vv
C. Newman-Holmes,127 V. O’Dell,127 J. Pivarski,127 R. Pordes,127 O. Prokofyev,127 T. Schwarz,127
E. Sexton-Kennedy,127 S. Sharma,127 W. J. Spalding,127 L. Spiegel,127 P. Tan,127 L. Taylor,127 S. Tkaczyk,127
L. Uplegger,127 E.W. Vaandering,127 R. Vidal,127 J. Whitmore,127 W. Wu,127 F. Yang,127 F. Yumiceva,127
J. C. Yun,127 D. Acosta,128 P. Avery,128 D. Bourilkov,128 M. Chen,128 S. Das,128 M. De Gruttola,128
G. P. Di Giovanni,128 D. Dobur,128 A. Drozdetskiy,128 R.D. Field,128 M. Fisher,128 Y. Fu,128 I. K. Furic,128
J. Gartner,128 S. Goldberg,128 J. Hugon,128 B. Kim,128 J. Konigsberg,128 A. Korytov,128 A. Kropivnitskaya,128
T. Kypreos,128 J. F. Low,128 K. Matchev,128 P. Milenovic,128,ww G. Mitselmakher,128 L. Muniz,128 R. Remington,128
A. Rinkevicius,128 M. Schmitt,128 B. Scurlock,128 P. Sellers,128 N. Skhirtladze,128 M. Snowball,128 D. Wang,128
J. Yelton,128 M. Zakaria,128 V. Gaultney,129 L.M. Lebolo,129 S. Linn,129 P. Markowitz,129 G. Martinez,129
J. L. Rodriguez,129 T. Adams,130 A. Askew,130 J. Bochenek,130 J. Chen,130 B. Diamond,130 S. V. Gleyzer,130
J. Haas,130 S. Hagopian,130 V. Hagopian,130 M. Jenkins,130 K. F. Johnson,130 H. Prosper,130 S. Sekmen,130
V. Veeraraghavan,130 M. Weinberg,130 M.M. Baarmand,131 B. Dorney,131 M. Hohlmann,131 H. Kalakhety,131
I. Vodopiyanov,131 M.R. Adams,132 I.M. Anghel,132 L. Apanasevich,132 Y. Bai,132 V. E. Bazterra,132 R. R. Betts,132
J. Callner,132 R. Cavanaugh,132 C. Dragoiu,132 L. Gauthier,132 C. E. Gerber,132 D. J. Hofman,132 S. Khalatyan,132
G. J. Kunde,132,xx F. Lacroix,132 M. Malek,132 C. O’Brien,132 C. Silkworth,132 C. Silvestre,132 D. Strom,132
N. Varelas,132 U. Akgun,133 E. A. Albayrak,133 B. Bilki,133,yy W. Clarida,133 F. Duru,133 S. Griffiths,133 C. K. Lae,133
E. McCliment,133 J.-P. Merlo,133 H. Mermerkaya,133,zz A. Mestvirishvili,133 A. Moeller,133 J. Nachtman,133
C. R. Newsom,133 E. Norbeck,133 J. Olson,133 Y. Onel,133 F. Ozok,133 S. Sen,133 E. Tiras,133 J. Wetzel,133 T. Yetkin,133
K. Yi,133 B.A. Barnett,134 B. Blumenfeld,134 S. Bolognesi,134 A. Bonato,134 D. Fehling,134 G. Giurgiu,134
A. V. Gritsan,134 Z. J. Guo,134 G. Hu,134 P. Maksimovic,134 S. Rappoccio,134 M. Swartz,134 N.V. Tran,134
A. Whitbeck,134 P. Baringer,135 A. Bean,135 G. Benelli,135 O. Grachov,135 R. P. Kenny Iii,135 M. Murray,135
D. Noonan,135 S. Sanders,135 R. Stringer,135 G. Tinti,135 J. S. Wood,135 V. Zhukova,135 A. F. Barfuss,136 T. Bolton,136
I. Chakaberia,136 A. Ivanov,136 S. Khalil,136 M. Makouski,136 Y. Maravin,136 S. Shrestha,136 I. Svintradze,136
J. Gronberg,137 D. Lange,137 D. Wright,137 A. Baden,138 M. Boutemeur,138 B. Calvert,138 S. C. Eno,138
J. A. Gomez,138 N. J. Hadley,138 R. G. Kellogg,138 M. Kirn,138 T. Kolberg,138 Y. Lu,138 M. Marionneau,138
A. C. Mignerey,138 A. Peterman,138 K. Rossato,138 P. Rumerio,138 A. Skuja,138 J. Temple,138 M.B. Tonjes,138
S. C. Tonwar,138 E. Twedt,138 B. Alver,139 G. Bauer,139 J. Bendavid,139 W. Busza,139 E. Butz,139 I. A. Cali,139
M. Chan,139 V. Dutta,139 G. Gomez Ceballos,139 M. Goncharov,139 K.A. Hahn,139 Y. Kim,139 M. Klute,139
Y.-J. Lee,139 W. Li,139 P. D. Luckey,139 T. Ma,139 S. Nahn,139 C. Paus,139 D. Ralph,139 C. Roland,139 G. Roland,139
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57bUniversità di Firenze, Firenze, Italy
58INFN Laboratori Nazionali di Frascati, Frascati, Italy
59INFN Sezione di Genova, Genova, Italy
60aINFN Sezione di Milano-Bicocca, Milano, Italy
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65bUniversità di Pisa, Pisa, Italy
65cScuola Normale Superiore di Pisa, Pisa, Italy
66aINFN Sezione di Roma, Roma, Italy
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mAlso at Université de Haute-Alsace, Mulhouse, France
nAlso at Moscow State University, Moscow, Russia
oAlso at Brandenburg University of Technology, Cottbus, Germany
pAlso at Institute of Nuclear Research ATOMKI, Debrecen, Hungary
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